Intrinsic electron-glassiness in strongly-localized Be films 
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Abstract 

We present results of out-of-equilibrium transport measurements made on strongly-localized Beryllium films and demonstrate 
that these films exhibit all the earmarks of intrinsic electron-glasses. These include slow (logarithmic) relaxation, memory effects, 
and more importantly, the observation of a memory dip that has a characteristic width compatible with the carrier-concentration 
of beryllium. The latter is an empirical signature of the electron-glass. Comparing various non-equilibrium attributes of the 
beryllium films with other systems that exhibit intrinsic electron-glasses behavior reveals that high carrier-concentration is their 
only common feature rather than the specifics of the disorder that rendered them insulating. It is suggested that this should 
be taken as an important hint for any theory that attempts to account for the surprisingly slow relaxation times observed in 
these systems. 

PACS numbers: 72.20.Ee 72.20.Ht 72.70.+m 



INTRODUCTION 

The interplay between static disorder and Coulomb 
interactions may precipitate a glassy state in an An- 
derson insulator. This 'electron-glass' scenario was dis- 
cussed in several papers I n theory, this property 
is generic to all degenerate Fermi systems with local- 
ized states interacting via a Coulomb potential. Exper- 
imental evidence for these glassy effects, however, has 
been somewhat scarce, presumably due to specific ma- 
terial requirements. It turns out that only systems with 
relatively high carrier-concentration n exhibit relaxation 
times that can be conveniently monitored by transport 
measurements. Conductance relaxations that persist for 
many seconds, and memory effects characteristic of in- 
trinsic [5( electron-glass, seem to be peculiar to systems 
with n > 10 19 cm~ 3 [5]. A prominent group of materi- 
als that exhibit electron-glass behavior with long relax- 
ation times are granular metals; Al Bi Q, Pb 0, 
Ni Q, and Au all having high carrier-concentration 
n > 10 22 cm~ 3 . 

Hitherto, the only non-granular systems that exhib- 
ited intrinsic electron-glass behavior were crystalline and 
amorphous indium-oxide films (In^Oa-a and In^O re- 
spectively) [5j, which are ionic compounds. 

In this work we report on the low temperature trans- 
port properties of strongly-localized Be films, and demon- 
strate that they exhibit intrinsic glassy effects. This 
is the first non-granular mono-atomic system to show 
these effects. These include logarithmic relaxation of 
the out-of-equilibrium conductance and, more impor- 
tantly, a memory-dip that has all the earmarks of in- 
trinsic electron-glass. Although beryllium, like a typical 
metal, has a Fermi energy "Ep of few electron-volts, it has 
an unusually low density of states at E^ [l(|. A signa- 
ture of the Be peculiar density of states, namely, at the 
Fermi energy, the density-of-states decreases with energy, 



is actually observed in our field effect measurements as 
will be demonstrated below. The low density of states 
of beryllium is presumably the main reason why strong 
localization is achievable in this material just by making 
the sample thin enough (yet still physically continuous). 



EXPERIMENTAL 



Samples used in the experiments reported here were 
18±5A films deposited as described elsewhere on 
140/^m glass slides. These were silver-painted on their 
backside so as to form a gate for the field effect mea- 
surements. The samples were typically 400/im wide and 
600/^m long strips and had sheet resistance Rn in the 
range 23kft to 120kO at 295K and 100kf2-160MfJ at w4K. 
The strongly-localized nature of the films at this tem- 
perature range was tested by measuring their conduc- 
tance versus temperature dependence G(T) in the range 
4-50K. BelowwlOK, this dependence is consistent with 
G(T)cx expK^) 1 / 2 ] with T in the range 1 00-900K. Fig- 
ure f illustrates this behavior for two of the samples that 
were used in this study. 

The different values of Rq in the studied series of 
samples were obtained by a judicious oxidation of the 
Be films in an oxygen-enriched chamber. The change 
of the samples resistance was constantly monitored dur- 
ing the oxidation process. At the range of sample thick- 
ness d «I8 A, the room-temperature sheet-resistance of 
the samples is «20kfL Such samples are usually deep 
into the hopping regime at liquid helium temperatures, 
and a small change in their thickness d translates into a 
large change of Rq at 4K. The sheet-resistance of sam- 
ples much thicker than 18 A may not reach the quantum 
resistance at 4K (recall that Rrj>?i/e 2 is a pre-requisite 
for electron-glass behavior Q). For example, in a previ- 
ous study [1 21 ] a beryllium film with a nominal thickness 
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FIG. 1: Resistance versus temperature plots for two of the 
beryllium films used in this study. 



d of «20 A, only slightly thicker than the films studied 
here, exhibited G(T)oc exp^^) 1 / 2 ] with T =1.6K. This 
should be compared with T >100K in the samples used 
in this work. The much smaller value for To, and the as- 
sociated larger localization length in this case means that 
strongly-localized behavior is attained only at tempera- 
tures that are well below the range covered here. Such 
samples are not included in our present study where one 
of our goals is to compare the results with previously 
studied electron-glasses, which were measured at or near 
4K. 

The conductivity of the samples was measured using 
a two-terminal ac technique employing a 1211-ITHACO 
current pre-amplifier and a PAR-124A lock-in amplifier. 
Measurements reported below were performed with the 
samples immersed in liquid helium at T=4.1K main- 
tained by a 100 liters storage-dewar, which allowed long 
term measurements of samples as well as a convenient 
way to maintain a stable temperature bath. Unless oth- 
erwise indicated, the ac voltage bias was small enough 
to ensure linear response conditions (judged by Ohm's 
law being obeyed within the experimental error). Fuller 
details of measurements techniques are given elsewhere 
0- 

A variety of techniques were employed to character- 
ize the films microstructure. Fig. 2 shows a Transmis- 
sion Electron Microscope (TEM) micrograph of a Be film 
prepared in the same way and with similar thickness as 
the samples used for the transport studies. The physical 
continuity of the film is evident in the figure. On care- 




FIG. 2: Transmission Electron Microscope micrograph of 
~20A Be film deposited on carbon-coated Cu grid. The black 
square is a Fourier transform of the framed area on the right. 
The latter shows 2.33A fringes associated with the d-spacing 
of the <100> planes of the hexagonal BeO (reflected as satel- 
lites in the Fourier transform plate). 



ful examination, the micrograph shows occasional fringes 
that indicate the presence of small crystals. These were 
identified as BeO by direct imaging and further, by their 
diffraction pattern (interestingly, the diffraction pattern 
of Be, being light on electrons, was presumably too weak 
to register a clear pattern over the background set by 
the amorphous carbon support-film). The BeO crystals 
were clearly observable in TEM dark-field imaging off 
their <100> diffraction line. This enabled an estimate of 
their crystallographic size and partial volume in the sam- 
ples. Randomly distributed BeO crystallites of sizes up 
to 50-70A were observed in these dark-field images. We 
estimate that less than wl0% of the film area is occupied 
by fully oxidized Be crystallites, and therefore transport 
presumably occur through non-oxidized Be phase. Yet, 
the insulating BeO crystallites, somewhat restrict the 
volume available for conductivity (much like punching 
holes in the film would). A result of this geometrically- 
constrained structure is that the transport properties of 
the films show some mesoscopic effects that one usually 
encounters in smaller systems measured at similar tem- 
peratures and comparable degree of disorder 14 , [lj| . 

The physical continuity of the Be phase in the film 
was ascertained by performing local electron-energy-loss- 
spectroscopy (EELS) on the parts of the film that were 
not occupied by BeO crystals. The EELS spectra taken 
from theses areas was consistent with that of metallic Be. 
A slight shift of energy, <+3% of the peaks position in 
the spectra was detected, possibly due to strain. The 
presence of free Be in the samples was also confirmed 
by X-ray Photoemission Spectroscopy, which was carried 
out on the actual samples that were used for the trans- 
port measurements. 
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FIG. 3: Non-equilibrium transport behavior of typical Be 
films under different protocols; (a) After a quench-cool from 
TfalOOK to T=4.11K. (b) Starting from near-equilibrium, 
G(t) was recorded from the instance the source-drain volt- 
age was increased to 10V ac from the (Ohmic) 20mV ac bias, 
(c) Same sample as (b) after the 20mV ac has been restored. 
Each graph is labeled with the average Rnof a sample under 
the measurements conditions. 



RESULTS AND DISCUSSION 

We turn now to the non-equilibrium transport proper- 
ties of the films. The first signature of glassy behavior in 
these films is encountered upon quench-cooling the sam- 
ple to 4K; after an initial fast drop (reflecting the change 
in temperature), the conductance G keeps on decreasing 
slowly (logarithmically) long after the sample has reached 
the bath temperature. A typical quench-cooling proto- 
col is shown in Fig. 3a. The figure also illustrates the 
slow conductance excitation process upon 'stressing' [l5[ 
the film with a non-Ohmic source-drain voltage Fig. 3b. 
The ensuing relaxation of G after the source-drain volt- 
age was set back to its Ohmic value is shown in Fig. 3c. 
These excitation-relaxation curves are clearly similar to 
those previously observed in glassy In203_ x samples |15[ 

A controlled way to take the system out of equilib- 
rium is a change of the potential difference between the 
sample and a near-by gate. This technique has been 
widely used in the study of several electron-glasses 0- 
0, EH' Among other things, it may be used to estimate 
a typical relaxation time r under a given set of condi- 
tions [la ]. An example of such protocol is illustrated in 
Fig. 4. In this protocol, one uses the conductance relax- 
ation law AG(t/to)= AG(lsec) — a ■ log(t/to) where to 
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FIG. 4: A gate- excitation protocol for a specific Be sample 
(Rg =40Mf2). The insert depicts the characteristic log(t) de- 
pendence of the EG from which the typical relaxation time r is 
estimated using the baseline conductance Go (105V) (marked 
here by the dashed line) .measured independently. 



is the experimental resolution time, and the equilibrium 
value of G at V g =105V to extract the value of r defined 
by G(r) = |G(lsec). 

A characteristic feature that is believed to be common 
to all intrinsic electron-glasses is a memory-dip; this is a 
cusp-like minimum in G(V 9 ) centered at the gate voltage 



Y g where the system was allowed to equilibrate [5|-|7j, [17 1 . 
A conspicuous memory-dip was consistently observed in 
all our Be films. Fig. 5 shows this feature for two Be 
samples in the studied series. For both samples, G(V S ) 
scans were taken after a ~24 hour equilibration under 
V g =0 volt. Note first that the memory-dips have the 
same shape and width independent of Rq and indepen- 
dent of wether the G(V ff ) scans were taken by sweeping 
Y g through the equilibrium- V g or symmetrically around 
it [l3| (c.f., the lower graph of Fig. 5). 

In previously studied electron-glasses the width of the 
memory-dip was found to systematically depend on the 
carrier-concentration n of the system [17[. On the ba- 
sis of the G(V 9 ) data, we have estimated the typical 
width in our Be films in the same manner as was done 
in This involves several stages; First the change of 
charge AQ associated with the cusp-width is estimated 
from AV 9 by taking heed of the sample-gate capacitance. 
The relevant energy is then calculated using the beryl- 
lium (cm/ 'dfJ-)E F and the screening length. This proce- 
dure gave the energy-width T* (as defined in [17[) as 
«8meV. Using the empirical relation between the width 
(Fig. 4 of 17() such T* corresponds to n of or- 
! . This is consistent with our Hall ef- 
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FIG. 5: The conductance versus gate voltage for two Be films 
(labeled by their Rrj) illustrating the memory-dip structure. 
After the sample was allowed to equilibrate under V g =0 for 
~24hours, scans were taken either from V s =0 in each volt- 
age direction (symmetrical G(V 9 ) scans) or, from -198V to 
+ 198V. Note that the structure is skewed due to the con- 
tribution of the anti-symmetric (equilibrium) field-effect (see 
text) . 
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FIG. 6: The relative magnitude of the memory- dip versus 
Rn for the studied Be samples. The data of [15| are shown 
for comparison. Insert: The slope (relative change of G per 
400V of V 9 ) of the anti-symmetric part of G(V 9 ) compared 
with typical results for Ir^Oa-x samples. 



feet measurements that gave n =7-8T0 21 cm~ 3 as well 
as with the concentration predicted by band-structure 
calculations (n = 0.016 state/atom [18J tantamount to 
n ~ 1.7 ■ 10 21 cm~ 3 ). This correlation between the width 
of the memory-dip and the carrier concentration of the 
material is an important empirical test for the intrinsic 
nature of the electron-glass [5(- 

The G(V g ) traces (Fig. 5) reveal some mesoscopic fluc- 
tuations (reproducible with V g scans) superimposed on 
the memory-dip (note e.g., the modulation of G(V S ) 
around V g « -120V, and +90 for the 0.32Mft and the 
150MQ samples respectively). As alluded to above, these 
presumably result from the small effective volume for 
conductance due to the presence of the insulating BeO 
regions. 

The relative magnitude of the memory-dip AG/G 
grows monotonously with Rrj. Interestingly, AG/G(Rrj) 
for Be is almost identical to that measured under the 
same conditions in other electron-glasses. In Fig. 6 we 
compare the results of the current study with some old 
data [l9[ taken on hi203- x films exhibiting quite simi- 
lar behavior. A similar agreement is observed between 
that data of Fig. 6 and the results obtained on granular 
aluminum films (c.f., Fig. 17 of (20l|). 

On the other hand, the anti-symmetric part (c.f., 
Fig. 6) of the G(V 9 ) for the beryllium samples has the 



op pos ite slope to that observed in Ii^Os-z and In^O 
UUM- The sign of this slope is controlled by the energy 
derivative of the thermodynamic density of states dn/d/i 
at the Fermi level; <9G(V g )/<9V g oc ^(dn/dfi) Ep - The 
anti-symmetric part of dG(V g ) / dV g we observe in all our 
Be films (represented by the dashed curves in Fig. 5) is 
consistent with the negative slope of dn/d[i\E F found in 
theoretical calculations for the Be band-structure [2~lj |. 
These calculations assumed an ideal Be crystal which 
might not be relevant for the disordered structure. It is 
not uncommon however that band-structure features cal- 
culated for the perfect crystal persist in the disordered 
material (as actually observed for some optical proper- 
ties of Be [13]). The magnitude of the slope depends also 
on the film resistance as is shown for both In203_ x and 
Be in the insert to Fig. 6. Being a low density system, 
T^(cra /d[i)E F in Ir^Os-z is much larger than in metals, 
which in turn makes dG(V g )/dV g larger. 

It is interesting to note that the currently known elec- 
tronic systems that exhibit intrinsic glassiness (with as- 
sociated long relaxation times) are quite diverse in most 
other aspects. For example, in terms of microstruc- 
ture, there are in this group representatives of all types 
of disordered structures; poly-crystalline (In203_a;, and 
Be), granular or discontinuous (Al, Pb, Au, Ni), and 
amorphous (In^O, Bi). Most of these systems con- 
tain oxide, whether as an intrinsic part of the material 
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(In 2 03- a; ,In a ;0), or to stabilize a granular structure (e.g., 
Al). However, the discontinuous Ni films, being pre- 
pared and measured under high- vacuum conditions Q, 
is oxygen-free and show the same effects as the other 
intrinsic electron-glasses Q. In some of these systems 
there may be local order due to superconductivity (Pb, 
Bi, the high n version of In^O, Be, Al) or magnetism 
(Ni) at the temperatures of the experiments but not in 
others. Finally, all these systems obey some form of ac- 
tivated conductivity, G(T)oc exp[-(^) Q ] with 0.3<a<l, 
however, no single value of a is singled out in the group. 
In other words, the conductivity versus temperature law 
G(T) exhibited by these systems is not due to a specific 
hopping mechanism. It does not set this group apart 
from other hopping systems that do not exhibit long re- 
laxation times. Indeed, a G(T) law that resembles is 
observed in many disordered semiconductors while their 
relaxation times are very short [23} (presumably due to 
their low n ||). 

In fact, the only common feature of the materials that 
show long relaxation times appears to be their relatively 
high carrier-concentration (in addition of course to be- 
ing strongly-localized thus exhibiting hopping conductiv- 
ity). The common, out-of-equilibrium features that all 
these electron-glasses exhibit are suggestive of a generic 
mechanism. The current work supports the conjecture 
that sluggish relaxation and the associated memory ef- 
fects of the electron-glass is intimately connected with 
high carrier-concentration [j| . This should be the pivotal 
point of any theoretical model that purports to account 
for these phenomena. 
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